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Previous studies in this series (1, 2) have established that an 
enzyme fraction, obtained: from the nicotine-oxidizing bacterium 
P-34, catalyses the oxidation of nicotine and 6-hydroxynicotine 
with the consumption of 1 /xmole and 0.5 Mmole of oxygen, re¬ 
spectively, per Mmole of substrate. This paper reports on the 
isolation of the product of nicotine and 6-hydroxynicotine oxida¬ 
tion by the above mentioned enzyme fraction and the identifica¬ 
tion of the isolated compound as 6-hydroxypseudooxynicotine. 
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* T; r^ :•*-EXPERIMENTAL ~ 

. The preparation of cell-free extracts, ultraviolet spectropho¬ 
tometry, paper chromatography, optical rotation, and melting 
point determinations as well as manometric determinations of 
oxygen consumption and carbon dioxide release were performed 
as previously described (1, 2), Ammonia was collected by the 
Conway microdiffusion technique (3), and determined by direct 
nesslerization of the trapped ammonia. ,. f 

6-OHN 1 was isolated from growth medium as the silicotungstic 
acid salt and purified by a modification of the previously de¬ 
scribed method (2).... A solution of the free base, regenerated from 
its silicotungstic acid salt (4), was acidified wfith hydrochloric 
acid to pH 2, and placed on a Dowex 50 column in the hydrogen 
form (1.5 X 21 cm). The column was washed with w'ater untill 
the effluent exhibited a low and constant absorbancy at 232 and 
295 mM. A gradient elution' schedule was then initiated em¬ 
ploying 3 M ammonium hydroxide in the reservoir and 2i5 liters 
of distilled w^ater in the mixing chamber. Fractions were col¬ 
lected in lS-mli lots; after 216 ml of effluent had been collected, 
6-OHN, as judged bv the increase in absorbancy at 232 and 295 
mM> appeared in the following 108 mi. The fractions containing 
6-OHN w r ere pooled, acidified: to pH 2 with hydrochloric acid, 
and evaporated to dryness. 6-OHN was extracted from the dry 
residues with boiling Skellysolve B and crystallized from the 
same solvent. 


Oxidation of 6-OHN —The 40-60 fraction, 2 which catalyzed the 
aerobic oxidation of nicotine only in the presence of methylene 
blue (1), oxidized 6-OHN in the absence of the dye. Oxidation 

... * This work was supported by a grant from the Tobacco In¬ 
dustry Research Committee. - K ch*. j; v. • y : ;Va •; 

t Present address. Biochemical Research Laboratory, Elgin 
State Hospital, Elgin, Illinois. v*; ; ‘A; 

■ 1 The abbreviations used are: 6-HPO, 6-hydroxypseudooxynico¬ 
tine; 6-OHN, 6-hydroxynicotine. 

1 That portion of the crude extract which precipitated at 40 to 
60 per cent saturation with respect to ammonium sulfate is desig¬ 
nated as the 40-60 fraction. . HVJ'N} : /: • '• 


ceased after the consumption of 0.5 ymoh of oxygen per Mmole 
of 6-OHN. No production of carbon dioxide or of significant 
quantities of ammonia was observed (Table I). , . 

The rate of oxidation exhibited a marked: dependence upon 
pH. When determined in Tris-maleate buffer, the optimum oc¬ 
curred at pH 8 (Fig. 1). 6-OHN oxidation was a function of 
the enzyme concentration up to 1.05 mg protein per ml of reac¬ 
tion mixture (Fig. 2). When the enzyme concentration was at 
: excess (3.7 mg protein per ml of reaction mixture), the rate of 
6-OHN oxidation w^as independent of the substrate concentration 
over the range tested (7 X 10“*M to 1.05 X 10 -2 m). * •; 

At the termination of 6-OHN oxidation, reaction mixtures con¬ 
tained a substance having an absorption maximum at 289 mM 
when determined in 0.1 n hydrochloric acidi . When the spectra 
were determined in 0.1 N sodium hydroxide, the maximum ex¬ 
hibited a reversible batliochromic shift to 310 m/i. Identical 
absorption characteristics were exhibited by. reaction mixtures 
obtained by incubating nicotine with crude enzyme and meth¬ 
ylene blue and stopping the oxidation when 1 nmole of oxygen 
per M^ole of nicotine had been consumed. Three volumes of 
0.1 n HC1 w^ere added to samples of both types of reaction mix¬ 
tures and the precipitated protein was removed by centrifuga¬ 
tion. Portions of the supernatant w r ere spotted on WTiatman 
No. 1 paper and chromatographed with butanol-benzene-0.2 m 
sodium acetate buffer, pH 5.6 (85:5:30) as the solvent and Drag- 
endorff'S reagent as the indicator. Both types of reaction' mix¬ 
tures contained a compound of Ry 0.09, which was not evident 
in mixtures devoid of substrate. In the solvent system used, 
nicotine and 6-OHN had R F values of 0.32 and 0.15, respec¬ 
tively. These dkta indicate that the compounds formed: by 
the crude extract, at the expense of nicotine, and by the 40-60 
fraction, at the expense of 6-OHN, were identical. 

Enzymatic Synthesis and Isolation of Product—In a typical ex¬ 
periment, the following components w*ere added to each of two 
250-ml Erlenmeyer flasks: 1250 Mmoles of 6-OHN, previously 
adjusted to pH 7.9 wnth hydrochloric acid; 2 ml of a 40^60 frac¬ 
tion (116 mg of protein); and water to a total volume of 20 ml. 

The flasks w'ere shaken in a 30° water bath. The reaction w^as 
followed manometrically by simultaneously incubating 2 ml of 
-the above reaction mixture in a Warburg flask. WTien oxidation 
. ceased, the reaction mixtures were pooled, brought to 70° for 5 
minutes, and the denatured protein was removed by centrifuga¬ 
tion. 5 The clear supernatant was lyophilized and the residue ^ 

. 7 .v ’Failure to immediately denature the enzyme at tnia stage re- 
suits in the formation of a blue pigment. This pigment formation 
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Table I 

Oxidation of 6-OHN by JtfFSO Enzyme Fraction 
The complete system contained the following in a total volume 
of 2.0 ml: 14 ^moles of 6-OHN; 1.25 pmoles of methylene blue 
(MB) ; 10 pmoles of potassium phosphate buffer, pH 7; 2.1 mg of 
40-60 fraction. Gas phase air; 30°. The 40-60 fraction was dia¬ 
lyzed overnight against distilled water. 
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Condition 

.. . ' ^ • \ 

pMoles per jnnolt of 6-OHN 

Oxygen 
• uptake J 

COi 

formed 

NHi formed 

Complete system 

0.52 

1 . 0 

i .. J ; ■ 

Minus 6-OHN 

0 

0 


Minus MB 

0.46 

0 

0.20 

y v : Minus MB and 6-OHN 

0 

0 

0.18 
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Fig. 1. The effect of pH on the oxidation of 6-OHN. The re¬ 
action mixtures contained the following in a total volume of 2.0 
ml: 6-OHN, 14 pmoles; Tris-malfeate buffer, 100 pmoles, at the de¬ 
sired pH; 40-60 fraction, 1.4 mg protein. Gas phase air, 30°. 

extracted with 50 ml of absolute ethanol previously acidified with 
ydry hydrochloric acid. The alcoholic extract was warmed and 
anhydrous ethyl ether was slowly added with constant shaking 
until a permanent faint turbidity was obtained. The solution 
then was cooled to room temperature and placed at —10° for at 
least 12 hours. The resulting precipitate was filtered, washed 
with cold ( — 10°) absolute ethanol, and dried in a vacuum; The 
washings and the filtrate were combined and the ether precipita¬ 
tion repeated through several cycles until further treatment failed 
to yield a precipitate (total yield of material was 695 mg). The 
‘initial precipitates in a series were usually somewhat resinous 
and dark colored. Succeeding fractions became lighter in color 
and amorphous, or even crystalline, if the ether additions were 
carefully controlled, and, in 0.1 HCl, they showed a progressive 
increase in absorption at 289 mp. A small portion, 75 mg, of 
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Fig. 2. The effect of enzyme concentration on the oxidation of 
6-OHN. The reaction mixtures contained the follbwing in a total 
volume of 2.0 ml: 6-OHN, 14 ^moles; Tris-maleate buffer, pH 8.0, 
100 ^moles; and 40-60 fraction protein as indicated. Gas phase 
. air, 30°. . ... "n: 

a nonresinous fraction of high absorption was redissolved in acid 
ethanol, decolorized with Norit A, and reprecipitated with ethyl 
ether as above. The final product, 46 mg, consisted of white 
crystalline needles that melted at 157-158° (uncorrected). 

The isolated product had a single absorption maximum w’hose 
position w'as pH dependent (Fig. 3) . At a pH of less than 8 the 
peak occurred at 289 mp (c =* 16,000), at a pH between 8 and 
12 at 328 mp (e — 22,000), and at a pH greater than 12 at 310 
mp (e » 21,000). 

The absorption spectrum of the isolated product suggested the 
presence of a new double bond in conjugation with the pyridine 
ring (5). This, coupled with the stoichiometry of oxygen con¬ 
sumption and the failure to detect optical activity in the product 
further indicated that oxidation resulted in the destruction of 
the molecule's center of asymmetry located at carbon'5 of the 
pyrrolidine ring. Dehydrogenation at this position w'ould yield 
6-hydroxy-Ar-methyltnyosmine; how’ever elemental analysis 4 in¬ 
dicated than an hydrolytic as well as an oxidative step had oc¬ 
curred and suggested that the product isolated was a dihydro¬ 
chloride of 6-HPO: 

CioH hN 2 O 2 • 2HC1 

Calculated: C 44.94, H 5.99, N 10.49, Cl 26.59 
Found: C 45.44, H 5.95, N 10.55, Cl 27.27 

The identity of the isolated product was established as 6- 
HPO by comparing it to the product of the enzymatic hy¬ 
droxyls tion of pseudooxynicotine. 5 The enzyme fraction em¬ 
ployed has been showm to hydroxylate a number of compounds 
related to nicotine, including pseudooxynicotine, at the 6-position 
of the pyridine ring (6), It was found that following hydroxyla- 
tion of pseudooxynicotine, the original absorption maxima lo¬ 
cated at 223 mp and 264 mp were replaced by a single maximum 




4 The analysis was performed by Dr. A. Elek, Elek Micro Ana¬ 
lytical Laboratories,. Los Angeles, California, -jr 
• Kindly supplied by Dr. C. H. Rayburn. y 7 V>^ ^ 
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- Fig. 3. The absorption spectrum of the isolated product. 0.1 
n HCl, •-#; pH 10.6, O-O; 01 n NaOH, X-X. 



whose location depended upon pH in a manner identical to the 
.behavior of the product of 6-OHN oxidatiom In addition, the 
chromatographic characteristics of the products from both sub¬ 
strates were identical (Table II). '• ^ * •* 

- Metabolism of 6-HPO— Nicotine-grown resting cells oxidized 
6-HPO at approximately the same rate as they oxidized nicotine. 
At the cessation of oxidation, oxygen consumption was 6.3, 5.7, 
and 5.3 mmoles of oxygen per /xmole of nicotine, 6-OHN, and 
6-HPO, respectively (Fig. 4). 1 

Crude cell extracts, which oxidized nicotine with the consump¬ 
tion of 2.1 /xmoles of oxygen per nmole of nicotine, oxidized 6- 
HPO with the consumption of 1 /xmole of oxygen per /xmole of 
substrate. The rate of oxidktion of 6-HPO and nicotine were 
essentially identical after oxidation of the latter had proceeded 
beyond 0.5 /xmole of oxygen per /xmole of nicotine (Fig. 5). 

When 6-HPO was incubated with an unsupplemented 40-60 
fraction, no oxygen consumption was observed but a blue pig¬ 
ment apparently identical to that found in the growth medium 
(7) was observedL If the 40-60 fraction was supplemented with 
brilliant cresyl blue, oxidation of 6-HPO occurred with the con¬ 
sumption of 0:5 /xmole of oxygen per /xmole of substrate. In 
the presence of methylene blue,® the 40-60 fraction oxidized 6- 


Table II 


Comparison of products derived from 6-OHN oxidation and 
pseudooxynicotine hydroxylation 
The hydroxylation of pseudooxynicotine was carried out in the 
following manner: 10/imoles of pseudooxynicotine, 0.125/*mole of 
methylene blue, 10/tmolfes of potassium phosphate buffer, pH 7.0, 
and the “hydroxylating enzyme” were incubated in a total volume 
of 2.0 ml at 30° until oxidation ceased (0:45 /*moIe oxygen per 
/xmole of pseudooxynicotine). Aliquots of the reaction mixture 
were adjusted to the appropriate pH with HCl or NaOH as re¬ 
quired and the absorption spectrum was determined; For chro¬ 
matography, the acidified reaction mixture was spotted on What¬ 
man No. 1 paper and developed in butanol-ethanol-water (42: 
42:16). The spots were visualized by spraying the paper with 
DragendorfTs reagent. Under these conditions, pseudooxynico¬ 
tine has an R F of 0.96. \ 



Product source 

Absorption maximum 

. - e * 

•Vi 

In 0.1 n 
HCl 

At pH 
10.6 

In 0.1 n 
NaOH 

310/289 328/310 

Rr 

i : 


m/t 

mu 

Wfl 



6-OHN.. 

289 

328 

310 

1.16 1.10 

0.91 

Pseudooxynicotine... 

289 

328 

310 

1.17 1.09 

0.91 






HPO to various oxidation states; oxidations consuming as little 
as 0.5 /xmole and! as much as 1.5 /xmoles of oxygen per /xmole of 
. 6-HPO have been observed with different preparations. 
s " After oxidation of 6-HPO by the 40-60 fraction in the presence 

‘ • Contrary to what had previously been observed (1) the 40-60 
fraction prepared from most batches of cells will oxidize nicotine 
beyond the oxidation state of 6-HPO (1 /xmole of oxygen per 
*«mole of nicotine) in the presence of methylene blue. 




TIME IN MIN. \ 

Fig. 4. The oxidation of nicotine, 6-OHN, and 6-HPO by nico- . ^ 
tine-grown resting cells. The reaction mixtures contained the 
following in a total volume of 2.0 ml: potassium phosphate buffer, 
pH 7, 70 mmoles; 0.25 ml of an 18-hour culture of nicotine-yeast 
extract grown cells (strain P-34) equivalent to 731 Klett turbidity :r ’.SPs* 
units (No. 60 filter); and either nicotine, 4 pmoles; 6-OHN, 4.5 
/xmoles; or 6-HPO, 1.9/xmoles as noted. Gas phase air, 30°. Data 
corrected for autorespiration. , ^^ 
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Fig. 5. The oxidation of 6-HPO and nicotine by crude cell ex¬ 
tracts, The reaction mixtures contained the following in a total 
volume of 2.0 ml: potassium phosphate buffer, pH 7.0, lOOpmoles; 
methylene blue, 0.625 ^mole; crude enzyme, 5 mg protein; and 

where indicated, nicotine, 4 mmoles, •-• ; or 6-HPO, 5.6 

pmoles, O-O. Gas phase air, 30°. \ 

• f : ■■ V- 

of brilliant cresyl blue, the reaction mixture showed a hew and 
intense absorption maximum located at 360 m/i. Concomi¬ 
tantly, no Dragendorff positive material could be detected! on 
paper chromatograms. These changes are presumably associ¬ 
ated with the formation of the third oxidative product, the iden¬ 
tification and 1 isolation of which are presently being studied in 
this laboratory. 

discussion —■' * > ' 

The identification ofi 6-HPO as a product of nicotine degrada¬ 
tion suggests that the bacterium P-34 metabolizes nicotine by a 
heretofore unreported pathway. Although 6-OHN had previ¬ 
ously been, found as a product of nicotine degradation' (8), its 
further metabolism was reported to involve an attack upon the 
hydroxylated pyridine ring to yield a glutaconic acid'derivative 
with an acid absorption maximum at 290 m,u which underwent a 
bathochromic shift to 300 mu when the spectrum was determined 
in sodium hydroxide. This compound, although having absorp¬ 
tion characteristics somewhat similar to those reported! here for 
the product of 6-OHN oxidation, differs from 6-HPO in the fol¬ 
lowing properties: the reported acid-base shift in absorption 
spectrum is not reversible (9)!; it reacts with ninhydrin; and ana¬ 
lytical data indicate the presence of only one nitrogen in the 
molecule (8). 

It is of interest to note that 6-hydroxymyosmine has been 
reported to be a product of the bacterial oxidation of nornicotine 
(10); This suggests that nornicotine is degraded in a manner 
similar to that reported for nicotine in this paper. However, 

: since neither myosmine nor 6-hydroxynomicotine was detected, 
it is not clear whether nornicotine was initially hydroxylated and 
then dehydrogenated, or whether dehydrogenation preceded hy¬ 
droxy lation. Thus it is not possible to establish a formal analogy 
between the degradative pathways of nicotine and nornicotine, 
although the results are highly suggestive. 


...WwV 




Fig. 6. Summary of reactions discussed. I, 6-hydroxynicotine; 

II, 6-hydroxy-A-methylmyosmine; HI, 6-hydroxypseudooxynico- 
tine; IV, pseudooxynicotine; A, hydroxylating enzyme; X, 3rd 
oxidative product of nicotine degradation. , AX.- 

The isolation of 6-HPO after the one-step oxidation of 6-OHN 
raises the question as to the nature of the immediate product of V 
6-OHN oxidation; since an examination of the structure of these _>1 1 ' 
compounds (Fig. 6) suggests that an intermediate exists between ‘ 
them. For reasons already mentioned, 6-hydroxy-A r -methyl- fffi. - 
myosmine could be the intermediate. Its conversion to 6-HPO ; y ' 
need not be enzymatic since as an a-pyrroline derivative it might ( ^ 
be expected to be hydrolyzed spontaneously under physiological 
conditions to 6-HPO. Thus, an analbgous compound, myos¬ 
mine, was reported to undergo instantaneous hydrolysis in w r ater 
to 3-pyridylkj-aminopropyl ketone (11). The reverse type of 
change, cyclization of the ketone pseudooxynicotine to methyl- 
myosmine, occurs with alkalinization (12). 

1 It is therefore not certain whether 6-HPO is a true intermediate 
in nicotine degradation or whether it is formed either because 6- 
hydroxy-N-methylmyosmine cannot be further oxidized in the 
reaction system devised for its accumulation' or because 6-HPO 
is an artifact of the purification procedure used. Although pos¬ 
sibly not stable in the free state under physiological conditions, 
6-hydroxymethyltnyosmine attached to an enzyme could 1 be suffi¬ 
ciently stable to allow its further metabolism without the forma¬ 
tion of 6-HPO. These possibilities are shown in Fig. 6. That 
6-HPO is oxidized by resting cells and cell-free extracts in a 
manner consistent with its being an indermediate in nicotine deg¬ 
radation is not conclusive evidence on this point since one can 
postulate an equilibrium between the ketone and the myosmine 
derivative. It is hoped that identification of compounds further 
along the metabolic chain will ultimately allow a decision be¬ 
tween these possibilities. : - 
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SUMMARY 
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An enzyme fraction has been obtained from a nicotineK)xidiz- 
ing soil bacterium which' catalyzes the aerobic oxidation of 6- . ~ 

hydroxynicotine with the consumption of 0.5 jxmole of oxygen ^ 
per /xmolb of substrate. The product isolated from this reaction 
has been identified as 6-hydroxypseudooxynicotine on the basis '1/ 
of elemental analysis, ultraviolet absorption spectra,'and simi- - 
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larity to the product of pseud ooxynico tine hydroxylation by an 
enzyme fraction which is known to catalyze hydroxylation at the 
six position of the pyridine moiety. 

Resting cells, crude extracts, and an ammonium sulfate frac¬ 
tionated extract of the nicotine-oxidizing organism oxidize 6- 
hydroxypseudooxynicotine. Uhder the appropriate conditions, 
oxidation by the fractionated extract ceases after the consump¬ 
tion of 0.5 /xmole of oxygen per ^mole of 6-hydroxypseudooxy- 
nicotine to yield a new ultraviolet absorbing substance which 
could be the third oxidative product of nicotine degradation. 

The relation of 6-hydroxypseudooxynicotine to 6-hydroxy-jV- 
methylmyosmine and the possible role of these compounds as 
intermediates in nicotine metabolism are discussed. 
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